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Abstract

We present temperature-dependent pulsed X-ray data on the decay time spectra, wavelengths, and intensities of fast

(ns) radiative recombination in five direct, wide-bandgap semiconductors: CuI, HgI2, PbI2, and n-doped ZnO:Ga and

CdS:In. At 12K the luminosity of powder samples is 0.30, 1.6, 0.40, 2.0, and 0.15, respectively, relative to that of BGO

powder at room temperature. Increasing the temperature of CuI to 346K decreases the luminosity by a factor of 300

while decreasing the fwhm of the decay time spectra from 0.20 to 0.11 ns. Increasing the temperature of HgI2 to 102K

decreases the luminosity by a factor of 53 while decreasing the fwhm from 1.6 to 0.5 ns. Increasing the temperature of

PbI2 to 165K decreases the luminosity by a factor of 27 while decreasing the fwhm from 0.52 to 0.15 ns. Increasing the

temperature of ZnO:Ga to 365K decreases the luminosity by a factor of 33 while decreasing the fwhm from 0.41 to

0.21 ns. Increasing the temperature of CdS:In to 295K decreases the luminosity by a factor of 30 while decreasing the

fwhm from 0.20 to 0.17 ns. All emission wavelengths are near the band edge. The luminosities decrease much faster than

the radiative lifetimes, therefore, the reduction in luminosity is not primarily due to thermal quenching of the excited

states, but mostly due to thermally activated trapping of charge carriers on nonradiative recombination centers. Since

the radiative and nonradiative processes occur on different centers, increasing the ratio of radiative to nonradiative

centers could result in a class of inorganic scintillators whose decay time and radiative efficiency would approach

fundamental limits (i.e. o1 ns and 100 000 photons/MeV). r 2002 Elsevier Science B.V. All rights reserved.

PACS: 78.60.H; 29.40.M; 29.40.W; 78.60; 72.20.J
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1. Introduction

Commonly used inorganic scintillators are, in
many cases, either slow or have low radiative
efficiency. For example, NaI:Tl, CsI:Tl, and
Bi4Ge3O12 are relatively efficient but have long

decay times (>200 ns) because their transitions are
spin forbidden. The core-valence luminescence of
BaF2 is fast but has a low radiative efficiency
(o2000 photons/MeV) due to the low probability
of forming holes in an upper core band. Currently,
the inorganic scintillators with the best combina-
tion of speed and efficiency are Ce-doped, but their
radiative decay times are limited to B10–60 ns
due to the limited overlap of the 5d and 4f
electronic orbitals. In this paper we explore five
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direct wide-bandgap semiconductors, a neglected
class of scintillators that provides the possibility of
bright, sub-ns emission. The availability of such
scintillators containing high proportions of atoms
chosen for the efficient detection of particular
ionizing radiation (e.g. X-rays, gamma-rays, neu-
trons) would substantially improve instrumenta-
tion for nuclear physics, high-energy physics, and
medical imaging.

2. Fast, near-band-edge emission from direct gap

semiconductors

Whereas compound semiconductors have been
used extensively for conductivity radiation detec-
tors (see, for example, Ref. [1]), several of these
materials also have fast, near-band-edge emission
that is potentially of interest for scintillation. In
contrast with commonly used ionic scintillators,
near-band-edge emitting semiconductors have
excited states that extend over many atoms, and
this involves negligible lattice relaxation. This
emission may arise from band-to-band or free
exciton recombination transitions. If the transition
is direct and parity allowed, the radiative lifetime
may be short, a nanosecond or less. Practical
semiconducting crystals contain numerous defects
and impurities that give rise to nonradiative
recombination centers as well as free-to-bound,
donor–acceptor pair, and bound exciton radiative
transitions [2]. Consequently, the radiative effi-
ciencies and decay times can vary from sample to
sample.
An example of intentional doping to enhance

fast, near-band-edge emission is the work of
Lehmann on the direct semiconductors ZnO and
CdS [3,4]. He showed in the mid-1960s that
quenching could be reduced by n-doping these
materials with Ga and In, respectively, and
preparing them under reducing conditions. Scin-
tillation from semiconductors has also been
demonstrated by doping them with isovalent
impurities. In the cases of CdS:Te [5] and ZnSe:Te
[6], however, the lattice relaxation about the
excited centers yields red-shifted emission and
slower radiative decay rates.

3. Experimental measurements of luminosity and

decay time

We have examined the temperature dependence
of the fast, near-band-edge emission from three
undoped and two doped semiconductors.

3.1. Materials

The CuI, PbI2, and HgI2 powders were
purchased from Strem Chemicals with a metals
purity >99.999%. The ZnO:Ga(0.3%) and
CdS:In(0.1%) powders were prepared by T. Perry
of the Lawrence Livermore National Laboratory
in collaboration with W. Lehmann. The powders
were contained in fused silica cuvettes for mea-
surements.

3.2. Pulsed X-ray system

This system, described more fully in Ref. [7],
consists of an ultrafast laser system that delivers
sub-ps pulses of 400 nm light onto the photo-
cathode of a light-excited X-ray tube. Photoelec-
trons are accelerated to a tungsten anode at
+30 kV to produce 35 ps (fwhm) pulses of X-rays
with a mean energy of 18 keV [8]. Fluorescent
photons from the sample are detected by a
microchannel phototube with 35 ps (fwhm) re-
sponse. The samples were cooled with an
Advanced Research Systems, Inc. ARS2—A
closed-cycle helium refrigerator.
Fig. 1 shows the overall system impulse re-

sponse, determined by using a 1-mm thick PbF2
crystal, painted black on five sides. In this
material, recoil photoelectrons produce prompt
bremsstrahlung radiation that is peaked at the low
end of the photon energy spectrum. A small
amount of fluorescence is also observed with a
decay time of 28 ns and this component is not used
in the impulse response.

3.3. Fitting procedures

To determine exponential decay times and
fractions, the impulse response function was
convolved with a sum of 30 components and their
decay times and fractions were varied to minimize

S.E. Derenzo et al. / Nuclear Instruments and Methods in Physics Research A 486 (2002) 214–219 215



a log likelihood fit to the data [7]. Each of the
decay times was constrained to lie within a narrow
band and all fractions were constrained to be
nonnegative.

4. Results

In the typical case of a sample with a luminosity
comparable to that of room temperature BGO,
two million events were recorded in 1 h. In each of
the figures that follow, the decay time spectra are
normalized to equal time measurements. In the
tables to follow, the luminosities are reported only
for components with decay times o1 ms and are
normalized to BGO powder at 295K in a fused
silica cuvette (similar to those used for all the other
samples). The luminosities and decay times/per-
centages are only accurate to about 20% of their
value due to variability in sample placement and
the well-known difficulty of fitting sums of
exponentials to data.

4.1. Measurements of CuI

The emission spectrum of CuI (density 5.67 g/
cm3, bandgap 3.1 eV at 4K) consists of weak,
near-edge exciton bands and broad bands attrib-
uted to radiative recombination at lattice defects,
the most intense of which occurs atB420–430 nm.
There is a redistribution of intensities in the bands

with increasing temperature, however, the free
exciton band is observed up to 400K [9].
Fig. 2 shows the decay time spectra for CuI at

four temperatures; Table 1 lists the results of the
fits to the data.

4.2. Measurements of HgI2

The luminescence spectrum of tetragonal (red)
mercuric iodide at 4K (density 6.28 g/cm3, band-
gap 2.37 eV) consists principally of two bands: an
exciton band at 2.33 eV and a featureless impurity/
defect band at 2.22 eV. The latter band has been
attributed to traps associated with iodine vacan-
cies [10] and, more recently, to exciton annihilation
at mercury vacancies [11]. Anderson has reported
that the exciton–polariton decay rate decreases
precipitously with increasing temperature [12]. The
defect band luminescence exhibits a rapid rise
time; the related formation rate is largely tem-
perature independent and greater than the exciton

1

10

100

1000

-0.5 0 0.5 1 1.5 2 2.5

C
ou

nt
s 

pe
r 

7.
5 

ps
 b

in

Time (ns)

CuI
12K

346K

293K

141K

Fig. 2. Decay time spectra for CuI at four temperatures.
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Fig. 1. Impulse response from a thin PbF2 crystal painted black

on five sides.
Table 1

Luminosity and principal fast decay times for CuI

Band edge 12K 99K 293K 346K

Luminosity 0.30 0.12 0.02 0.0013

fwhm (ns) 0.20 0.20 0.25 0.11

Component 1 0.12 ns 0.10 ns 0.13 ns o0.05 ns

58% 56% 28% 70%

Component 2 0.28 ns 0.29 ns 0.27 ns 0.13 ns

26% 13% 62% 2%

Component 3 1.4 ns 1.1 ns 1.1 ns 0.7 ns

7% 9% 5% 1%
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decay rate. With increasing temperature the decay
rates of the two bands become comparable.
Nonradiative decay dominates at temperatures
>100K. Scintillation in HgI2 has been reported
briefly [13].
Fig. 3 shows the decay time spectra for HgI2 at

four temperatures; Table 2 lists the results of the
fits to the data.

4.3. Measurements of PbI2

Th emission spectrum of PbI2 at low tempera-
tures (density 6.16 g/cm3, bandgap 2.55 eV) con-
sists of near-edge lines due to free and bound
excitons and broad overlapping bands shifted by
B100–200meV attributed to donor–acceptor pair
transitions [14–16].
Fig. 4 shows the decay time spectra for PbI2 at

four temperatures; Table 3 lists the results of the
fits to the data.

4.4. Measurements of ZnO:Ga

The introduction of B0.3% Ga into ZnO
(density 5.61 g/cm3, bandgap 3.44 eV at 4K)
introduces a degenerate donor band overlapping
the bottom of the conduction band and increases
the conductivity of the material. The edge emission
spectrum at low temperatures reflects the density
of states; at room temperature it is a broad band
extending from B3.1 to 3.3 eV [4].
Fig. 5 shows the decay time spectra for ZnO:Ga

at four temperatures; Table 4 lists the results of the
fits to the data.

4.5. Measurements of CdS:In

At high doping levels, the conduction band of
CdS:In (density 4.83 g/cm3, bandgap 2.58 eV) is
degenerate and partly filled with donor electrons.
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Fig. 3. Decay time spectra of HgI2 at four temperatures.

1 0

100

1000

1 0
4

-0.5 0 0.5 1 1.5 2

C
o

u
n

ts
 p

er
 7

.5
 p

s 
b

in

Time (ns)

11 K

60 K

115 K

PbI
2

165K

Fig. 4. Decay time spectra of PbI2 at four temperatures.

Table 2

Luminosity and principal fast decay times for HgI2

14K 50K 81K 102K

Luminosity 1.6 0.80 0.18 0.03

fwhm 1.6 ns 1.5 ns 1.2 ns 0.5 ns

Component 1 0.6 ns 0.8 ns 0.75 ns 0.50 ns

9% 10% 14% 48%

Component 2 2.0 ns 2.3 ns 1.7 ns 1.2 ns

22% 22% 45% 34%

Slow components >5ns >5ns >5ns >5ns

70% 68% 40% 17%

Table 3

Luminosity and principal fast decay times for PbI2

Band edge 11K 60K 115K 165K

Luminosity 0.40 0.10 0.025 0.015

fwhm 0.52 ns 0.32 ns 0.16 ns 0.15 ns

Component 1 0.16 ns 0.16 ns 0.11 ns 0.06 ns

10% 24% 50% 35%

Component 2 0.58 ns 0.43 ns 0.40 ns 0.29 ns

25% 38% 24% 21%

Component 3 1.8 ns 1.3 ns 1.4 ns 1.4 ns

43% 29% 10% 11%
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Emission is due to non-k-conserving band-to-band
transitions [17,18]. The width and peak wavelength
of the band change with changing In concentration
[4]. At 0.1% In the edge emission spectrum at
room temperature is a featureless band that
extends from B2.2 to 2.5 eV.
Fig. 6 shows the decay time spectra for CdS:In

at three temperatures; Table 5 lists the results of
the fits to the data.

5. Discussion

Because we are interested in the total luminosity
change with temperature, no spectral filtering was
used in obtaining the above results. Thus the
observed scintillation at low temperatures may
involve free and bound exciton emission, free-to-

bound carrier emission, and donor–acceptor pair
transitions. The nonexponential decay of the
iodides at low temperature is suggestive of
donor–acceptor recombination emission.
A characteristic immediately evident in the

above results is that at all but the highest
temperatures, increasing the temperature results
in large changes in sample luminosity but only
small changes in decay time(s). This is in contrast
to normal thermal quenching where increasing the
temperature decreases both the luminosity and
decay time at the same rate. From this we conclude
that (1) the number of radiative excited states is
controlled by the temperature and the activation
energy for competitive trapping of charge carriers
on nonradiative centers, and (2) the radiative
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Fig. 5. Decay time spectra of ZnO:Ga at four temperatures.
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Fig. 6. Decay time spectra of CdS:In at three temperatures.

Table 4

Luminosity and principal fast decay times for ZnO:Ga

13.5K 80K 295K 365K

Luminosity 2.0 1.0 0.15 0.06

fwhm (ns) 0.41 0.27 0.21 0.21 ns

Component 1 0.14 ns 0.11 ns 0.11 ns

45% 39% 37%

Component 2 0.30 ns 0.35 ns 0.32 ns 0.29 ns

80% 17% 23% 23%

Component 3 0.54 ns 0.60 ns 0.82 ns 0.78 ns

18% 32% 30% 28%

Table 5

Luminosity and principal fast decay times for CdS:In

13K 97K 295K

Luminosity 0.13 0.035 0.001

fwhm (ns) 0.20 0.14 0.17

Component 1 0.10 ns 0.31 ns 0.12 ns

13% 8% 95%

Component 2 1.2 ns 0.73 ns 2.2 ns

11% 7% 4%

Component 3 7 ns 6 ns

43% 43%

Component 4 21 ns 21 ns

32% 43%
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excited states, once formed, are not subject to
quenching. The luminosity vs. temperature data
reveal the existence of one or more activation
energies for nonradiative trapping in the range of
tens to hundreds of meV.
At the highest temperatures the decay time

begins to decrease. A similar luminosity and decay
time behavior also has been reported for GaN, and
attributed to thermal detrapping of holes from
acceptor atoms [19,20].
The observed luminosities at low temperatures

are comparable to that of BGO at 295K (8200
photons/MeV) and thus are much less than
expected if there were no initial nonradiative
recombination or trapping of charge carriers.
Nevertheless, the present materials are potentially
useful scintillators at low temperatures. To im-
prove efficiency and make possible higher tem-
perature operation, one needs to reduce the
number of nonradiative recombination centers
and/or introduce acceptor levels such that the
probability of radiative transitions to these levels is
more competitive with nonradiative recombina-
tion rates. This would result in fast, bright
scintillation.
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